Background Biopsies of musculoskeletal tumors lead to alterations in treatment in almost 20% of cases. Control charts are useful to ensure that a process is operating at a predetermined level of performance, although their use has not been demonstrated in assessing the adequacy of musculoskeletal biopsies. Questions/purposes We therefore (1) assessed the incidence of and the reasons for inadequate musculoskeletal biopsies when following guidelines for performing the procedure; and (2) implemented a process control chart, the CUSUM test, to monitor the proportion of inadequate biopsies. Methods We prospectively studied 116 incisional biopsies. The biopsy was performed according to 10 rules to (1) minimize contamination in the tissues surrounding the tumor; and (2) improve accuracy. A frozen section was systematically performed to confirm that a representative specimen was obtained. Procedures were considered inadequate if: (1) another biopsy was necessary; (2) the biopsy tract was not appropriately placed; and (3) the treatment provided based on the diagnosis from the biopsy was not appropriate. Results Five (4.3%) of the 116 incisional biopsy procedures were considered failures. Three patients required a second repeat open biopsy and two were considered to receive inappropriate treatment. No alarm was raised by the control chart and the performance was deemed adequate over the monitoring period. Conclusions The proportion of inadequate musculoskeletal open biopsies performed at a referral center was low. Using a statistical process control method to monitor the failures provided a continuous measure of the performance.
Introduction
It is estimated that approximately one adult in four will develop a soft tissue mass over their lifetime but only one in 200,000 of these will be a sarcoma [21] . The incidence of soft tissue sarcoma in the United States is approximately seven per 100,000 people. Primary bone tumors are even less common, occurring in one per 100,000 people [16] . Imaging modalities such as plain radiographs, CT, and MRI are often adequate to diagnose benign bone and soft tissue lesions in the context of corroborative findings on history and physical examination. However, patients who present with a soft tissue or bone lesion that raises concern for malignancy will often require a biopsy to confirm pathology that requires treatment [12] . Although a definitive diagnosis will not always be reached with a biopsy, it is expected that enough information will be added to the clinical and radiological data so that appropriate care can be provided. Despite the availability of percutaneous core biopsies, incisional biopsies provide unaltered pretreatment tissue specimens for research purposes and are sometimes necessary when a core or needle biopsy fails to provide a definitive diagnosis [20] .
In two seminal reports [12, 13] , Mankin and colleagues documented the hazards of the biopsy. In these studies, conducted among members of the Musculoskeletal Tumor Society, as many as 8% to 10% of biopsies were nonrepresentative or technically inadequate, 14% to 18% were associated with major errors in diagnosis, 18% to 19% led to alterations in treatment, and 9% to 10% adversely affected the patient's outcome [12, 13] . No substantial improvement was reported over a 15-year period despite extensive physician education [12, 13] . Therefore, minimizing the proportion of inadequate biopsies remains paramount in providing adequate care to patients.
Control charts are increasingly being used to monitor the quality of health care provided to patients [3] . Control charts are designed to detect unusual sources of variability in a series of values collected over time. Patients, doctors, and public health authorities are using these methods to detect and, if necessary, correct inadequate performance [6, 9, 10, 23, 24] . The use of these methods such as the cumulative summation (CUSUM) test [17] has been proposed in various surgical and interventional specialties [2, 5, 11, 15, 18] . This control chart is designed to detect the deviation from target of some characteristic of a product. For instance, it may be used to detect an increase in the postoperative infection rate or in the proportion of THAs that fails to meet some prespecified standards [2] . These methods provide ongoing feedback to physicians learning a technique [18] , using new implants [2] , or simply attempting to reach some target level of technical competence [6, 11] . Because open biopsies impose some risk potentially adversely affecting the final outcome of the patient [12, 13] , using a tool that can provide ongoing feedback regarding the adequacy of this procedure is relevant and has not been done before.
We therefore (1) prospectively assessed the incidence of and the reasons for inadequate musculoskeletal biopsies when following guidelines for performing the procedure; and (2) implemented a process control chart, the CUSUM test, to monitor the proportion of inadequate biopsies.
Patients and Methods
This prospective study took place from January 2010 to December 2010 at one tertiary care referral center for the treatment of bone and soft tissue tumors after approval by the local research ethics board. During that time we performed 266 biopsies of bone and soft tissue tumors. For this study we included patients if they underwent an open biopsy of a bone or soft tissue lesion of the extremity or trunk. We excluded patients with retroperitoneal sarcoma and excluded approximately 150 patients who underwent only a needle/core biopsy or an excisional biopsy. These exclusions left 116 incisional biopsies during the monitoring period (Table 1 ). There were 53 biopsies in women (46%); the median age was 48 years (first quartile to third quartile, 33-62 years). Fifty-seven of the 116 patients (49%) presented with a soft tissue lesion and 26 (22%) had previously undergone an unsuccessful needle or core biopsy. The location of bone and soft tissue lesions varied widely ( Table 2 ). In eight patients (7%), the initial frozen sections showed that the tissue was not representative and would likely not be diagnostic and additional tissue samples had to be collected. A specimen was considered representative if the sample showed tissue compatible with the area targeted by the surgeon based on clinical and imaging workup and on intraoperative findings and showed viable lesional tissue. A specimen showing only normal tissue was not considered as representative. For instance, in one patient the MR study showed local recurrence of a previously resected well-differentiated liposarcoma ( Fig. 1 ). Although most of the tumor shows signal compatible with a well-differentiated liposarcoma on both T1 ( At the time of the frozen section, the specimen will be considered representative if the tissue shows tumor cells compatible with a high-grade sarcoma. If the pathologist only finds cells suggestive of a low-grade liposarcoma, the surgeon will have to resample the tumor. The final pathology of the biopsy reported malignancy in 72 patients (62%), no evidence of malignancy in 35 patients (30%), and a lesion with indeterminate malignant potential in nine (8%) ( Table 3 ; observations 1 to 9; two cartilaginous tumors, two tumors with necrotic debris, two atypical lymphocytic infiltrates, one solitary fibrous tumor, one smooth muscle tumor, and one soft tissue giant cell rich tumor) (Appendix 2). Some patients had a lesion with indeterminate malignant potential or one of various discrepancies (Table 3) . Seventythree patients (63%) underwent further surgical treatment of the lesion.
All patients underwent evaluation with a thorough clinical history and physical examination followed by analysis of all imaging studies including plain radiographs in the case of bone tumors and MRI in both bone and soft tissue tumors. For patients who appeared to have benign aggressive or primary bone malignancies and high-grade soft tissue sarcomas, especially if associated with images suggestive of internal necrosis (reflected by low intensity signal on T1-weighted images; high signal intensity on T2-weighted images; no enhancement on gadolinium), we recommended incisional biopsy. Patients with smaller tumors that were adjacent to neurovascular structures generally underwent image-guided core biopsies and were excluded if a diagnosis was rendered. We included patients who underwent open biopsy after nondiagnostic needle biopsy.
All biopsies were performed by one of five musculoskeletal oncology clinical fellows after a direct discussion with the attending surgeon in charge of the patient. The biopsy was performed according to 10 rules to (1) minimize contamination in the tissues surrounding the tumor; and (2) improve accuracy (Table 4 ). These rules were based on previous reports in the literature [4, 12, 13, 21] and on the experience of participating senior surgeons and allow one to plan soft tissue ( Fig. 2 ) and bone ( Fig. 3 ) biopsy tract resection in continuity with the main lesion. Contamination can be of two different types based on the consequences it has; it is either known or unknown. Known contamination can be appreciated by the surgeon performing the resection should there be one. For instance, a transverse incision contaminates normal tissues in such a way that a wider resection is necessary; the contaminated volume can be identified and dealt with at the time of the resection. On the opposite, a hematoma will contaminate tissues but it is not possible to precisely locate and resect the volume contaminated. Increasing the known contamination requires an upgrade of the surgical procedure (a sarcoma that required resection and primary closure may then require resection and flap coverage); an unknown contamination increases the risk of local recurrence. The procedure was conducted, after informed consent, under spinal or general anesthesia with strict aseptic conditions. Outcome (failure) Whenever possible, we used a tourniquet. The biopsy tract was orientated close to, and in line with, an extensile incision should limb salvage through wide resection become necessary. The lesion was approached through the involved compartment, away from major neurovascular structures, and without developing planes. We biopsied what we presumed was the most representative region of the lesion based on imaging studies and intraoperative findings. Care was taken not to crush the specimen. We routinely performed a frozen section to confirm a representative specimen was obtained. An adequate amount of tissue (a minimum of 10 cc) was sent to pathology for definitive diagnosis and the remainder sent for research purposes and for tumor banking because our center provides numerous laboratories with unaltered, pretreatment tissue specimens to support a variety of molecular biology investigations in sarcoma. After the biopsy, the tourniquet was released before wound closure, meticulous hemostasis was obtained, and a tight multilayer closure was performed. Additionally, a resorbable sterile sponge-like material was used to pack the wound if it was believed it could help hemostasis. A drain was used whenever the surgeon performing the procedure believed a hematoma could form in the cavity created. All diagnostic and treatment decisions were made at dedicated sarcoma multidisciplinary tumor boards involving surgeons, medical and radiation oncologists, pathologists, and musculoskeletal radiologists. During these meetings, the pathology from the biopsy specimen was correlated with clinical and radiological data and, whenever possible, a diagnosis was provided. For the purpose of this study, the specimen was classified as a lesion of malignant potential, lesion with no evidence of malignancy (including benign tumors and nontumoral conditions), and lesion of indeterminate malignant potential. For lesions that had a second pathology examination, either after another biopsy or a resection, both pathologies were compared. Each incisional biopsy was classified as adequate or inadequate. Procedures were considered inadequate if (1) another biopsy (incisional or core) was necessary as a diagnosis could not be rendered; (2) the biopsy tract was not optimally placed as judged by the surgeon in charge of the patient when the eventual resection took place; and (3) if the treatment provided based on the diagnosis from the biopsy was not optimal based on the eventual resection pathology (ie, the resection pathology differed substantially from the biopsy result). Otherwise, procedures were classified as adequate. The biopsy tract was judged to be optimal if, should a wide resection occur, the resection of the tract and surrounding tissues (approximately 2 cm around) had the least impact on the expected function of the patient. For instance, a biopsy tract that was close to, and in line with, the incision necessary for resection could be excised en bloc with the specimen with minimal additional soft tissue. On the contrary, an incision that was away from, or of aberrant direction in relation to, the usual incision chosen for resection may require resection of more soft tissue than would have been necessary otherwise; this could adversely affect the patient ultimate function. Similarly, if the biopsy tract contaminated major neurovascular structures requiring their sacrifice during the definitive resection, the expected function was adversely affected and the biopsy tract was not considered optimal.
The procedures were classified when the final surgical treatment had been administered to the patients and the definitive pathology result became available. Therefore, for benign lesions that did not undergo resection, the results were issued after the biopsy pathology; for malignant lesions that underwent resection, the results were obtained after resection of the specimen. The CUSUM test [17] provides a simple and intuitive graphical representation of the ongoing successes and failures of the procedure (Appendix 1). The CUSUM score, St (St represents the test statistic that is used for hypothesis testing), increases with each failure and decreases with each success. The score is plotted on the y-axis against the sequential observations on the x-axis. When the score St crosses a limit h, the null hypothesis of adequate performance is rejected. In quality control wording it is said that an alarm is emitted indicating that substantial variation in the process (biopsy) may have occurred. As long as the score remains below this limit h, performance is considered adequate and monitoring continues. An important feature of the CUSUM test is that it has a limiting barrier at zero that prevents the score from drifting away from the limit h if one accumulates successes. Therefore, past successes do not compensate for present failures and the test remains responsive at all times. For instance, if fellows only accumulate successes, the score St will remain at 0 and the distance between St and h will remain the same. Then, if new fellows start their fellowship and yield several failures, they may reach the limit h quickly. Had the score been allowed to decrease without that limiting barrier at 0, the new fellows may have benefited from all the accumulated successes of previous fellows. In the present case, based on reports from the literature [12, 13, 22] and on consensus among surgeons in the department, the adequate performance level (null hypothesis, also known as the target) was set at a 5% failure rate and the inadequate level of performance was set at 15% failure rate. The limit h is determined, based on computer simulations (see Appendix 1), because there is no analytical solution to yield certain level of risks (see subsequently) depending on the adequate and inadequate performance level chosen; it is akin to the critical values of traditional hypothesis testing such as 1.97 for the t test or 3.84 for the chi square test at 1 degree of freedom. In the present study a limit h = 4.45 was chosen to yield a false discovery rate (FDR; akin to the Type I error) of no more than 5% over 150 procedures (estimated number of procedures performed over 1 year). The corresponding true discovery rate (TDR; akin to the power) was 97%. Meetings were held every 2 or 3 months to present the results of the CUSUM test and discuss procedures that failed. All patients completed the study; there were no missing data.
Results
Five (4.3%) of the 116 incisional biopsy procedures were considered failures (Table 3: (Table 3 : observations 6, 8, and 9) and two were considered to receive suboptimal treatment based on the results of the biopsy (Table 3 : observations 3 and 10). Two patients (one pelvis, one humerus; Table 3 : observations 6 and 9) presented with a poorly marginated lytic lesion with an adjacent soft tissue mass and low signal intensity on both T1-and T2-weighted images. The pathology report from the biopsy revealed an atypical lymphocytic infiltrate. Although a lymphoma was strongly suspected, a second biopsy was necessary in each case to confirm the diagnosis. A 23-year-old woman ( Table 3: observation 8) presented with a large cystic mass in her buttock and posterior thigh. Clinical examination and imaging studies suggested a sarcoma, an ancient schwannoma, or a myxoma. Final pathology from the biopsy reported necrotic debris with no evidence of malignancy. However, as a result of the possibility of inadequate sampling, it was believed that another biopsy was necessary to rule out a malignancy and, if possible, reach a diagnosis. A CT-guided biopsy targeting a more representative solid area of the lesion was performed and pathology confirmed pigmented villonodular synovitis. A 76-year-old patient ( Table 3: observation 8) presented with a lipomatous mass in the thigh with some heterogeneity on CT imaging (a pacemaker prevented MRI studies) and the biopsy was in favor of a well-differentiated liposarcoma. He underwent a marginal excision but the definitive pathology identified a focus of myxoid liposarcoma extending to the surgical margins. He subsequently received postoperative radiation. A 58-year-old patient ( Table 3: observation 3) presented with a circumferential mass of the thigh highly suggestive of a soft tissue sarcoma. An extensive incisional biopsy revealed a smooth muscle tumor of indeterminate malignant potential. This presented a dilemma, because an amputation was not reasonable without histologic evidence of sarcoma and because a limb salvage procedure was not possible should this tumor be malignant. Therefore, a marginal resection was performed. Final pathology revealed a Grade 3 leiomyosarcoma. Although an amputation was planned, the patient developed pulmonary metastases and died with no evidence of local recurrence.
No alarm was raised by the CUSUM test over the course of this study of 116 open biopsies, and the performance was deemed adequate over the monitoring period ( Fig. 4) . Failures can be seen as a jump on the graph; however, the limit h was never crossed.
Discussion
Biopsies are associated with major errors in diagnosis in 14% to 18% of cases and led to alterations in treatment in 18% to 19% [12, 13] . Control charts are useful to ensure that a process is operating at a predetermined level of performance [14] . In the present study we prospectively assessed the proportion of inadequate biopsies and used a control chart, the CUSUM test, to continuously ensure this rate was maintained at an adequate level.
This study has several limitations. First, only open biopsies were included because this is the preferred procedure to obtain diagnostic tissue at the study institution for most benign aggressive and malignant bone tumors and high-grade soft tissue sarcomas. Although we recognize core needle biopsies are perfectly reasonable to reach a diagnosis, incisional biopsy provides pretreatment material in sufficient quantity to support translational research initiatives and is sometimes necessary when a core biopsy is nondiagnostic [20] . Excluding patients who underwent needle/core biopsies restricts the applicability of the findings to patients who undergo incisional biopsies. Second, patients who did not undergo surgical resection of their lesion after the biopsy such as those with asymptomatic fibromatosis, lipomas, etc, did not have a definitive examination of the entire specimen. Therefore, a wrong diagnosis cannot be definitively excluded and only careful followup will ensure whether the treatment based on the biopsy was appropriate. Third, the final diagnosis of patients undergoing neoadjuvant treatment before surgical resection such as those with osteosarcoma undergoing neoadjuvant chemotherapy only becomes available a few months after the biopsy has been performed, after definitive resection. Therefore, during that time, the results of monitoring, presented at regular intervals, considered that the treatment provided was adequate only to be potentially reclassified later. Five (4%) of the 116 procedures in our study were considered failures. Of these, there was one (1%) major error in diagnosis with a patient undergoing marginal resection of a myxoid liposarcoma. Another patient had a minor error in diagnosis (smooth muscle tumor of indeterminate malignant potential, which ultimately was called a leiomyosarcoma), although this did not alter the final outcome of the patient. Our findings are consistent with those in the literature. Mankin et al. [12, 13] reported an incidence of 18% (in 1982) and 14% (in 1996) major errors in diagnosis among members of the Musculoskeletal Tumor Society. However, when considering only biopsies performed at their study institutions, the incidence of major diagnostic errors was only 9% (in 1982) and 12% (in 1996). The discrepancy in outcome between biopsies performed at recognized treatment centers and those performed at referring centers has been demonstrated by others [19] . The use of intraoperative frozen section reportedly improves accuracy [21] . With routine use of frozen section we found the specimen was either necrotic or nondiagnostic in eight (7%) patients, thus allowing more tissue to be collected while the patient remained under anesthetic. This is similar to findings in other studies. Dupuy et al. [7] reported an increase in accuracy for core and needle biopsies when frozen sections were concomitantly used from 88% to 94%. Similarly, Ashford et al. [1] in a study of 104 core needle biopsies with systematic intraoperative frozen section reported no major error in diagnosis. Technical errors such as inappropriate location of the biopsy tract, thereby contaminating critical neurovascular structures or compromising limb salvage surgery, is a well-known problem that can be associated with open biopsies. In the present series, there were no such errors. Mankin et al. [12, 13] reported 18% (in 1982) and 19% (in 1996) alterations in patient treatment because of a poorly performed biopsy; eventually, the outcome of the patient was adversely altered in 9% and 10%. More recently, Pollock and Stalley [19] reported that 38% of biopsies performed at referral centers were associated with errors that substantially altered the definitive treatment.
The use of a process control chart such as the CUSUM provides surgeons and centers with real-time information about the quality of the process of care they are part of and sometimes dependent on. In our study, two of the three repeat biopsies (lymphoma) were more likely associated with difficulties in obtaining histologic confirmation rather than with failures of the surgical technique. This is in keeping with previous reports, which noted the difficulties in making the diagnosis of round cell tumors [7, 8, 21] . Without ongoing close scrutiny, the performance of a process may deviate unbeknownst to the care providers participating in that same process. The Bristol Royal Infirmary [24] provides one such example: at that center, the mortality rate after open heart surgery in patients younger than 1 year operated on between 1984 and 1995 was twice the national average. It took years for the inadequate performance to be detected. A retrospective review showed that the use of statistical process control would have detected the inadequate performance much earlier [23] . Although monitoring a yearly failure rate is an option, the CUSUM test presents numerous advantages [14] . First it provides an immediate and ongoing measure of the performance allowing for quick action to be taken. Second, it is not affected by the particular timing of failures. For instance, if two biopsies failed in December and two others in January, they will count over different periods if one monitors a yearly failure rate; this is not the issue when using the CUSUM test. Last, the CUSUM test is not affected by multiple testing (inflation of Type I error).
In conclusion, the proportion of inadequate open biopsies performed at our referral center was low. Using a statistical process control method to monitor the failures provides a continuous measure of the performance.
Appendix 1. The CUSUM test
The CUSUM test was developed in the 1950s by Page [17] to monitor the quality of manufactured products. Let X 1 , X 2 , X 3 , …, be the sequence of observations under surveillance and assume no serial correlation and l the mean of these observations. These could be the times to complete a surgical procedure, the local recurrence rate, or any other quantity one is interested in monitoring. The CUSUM tests after each observation X t (t [ 0) H 0 : l = l 0 , ie, performance is adequate, versus H 1 : l = l 0 , ie, performance is inadequate. The value l 0 is referred to as the target. In its one-sided formulation, H 0 : l = l 0 is tested against H 1 : l = l 1 (l 1 [ l 0 ), and test is based on the statistic S t computed after each observation X t :
W t , the sample weight, depends on the observation X t , l 0 and l 1 (see Equation 2 ). Medical data are often expressed in a success/failure dichotomy, and in that case, the mean of the process l is equal to the probability of failure of the event monitored, which is noted as p. Optimal choices for W t are proportional to the loglikelihood ratio.
The test statistic S t is compared with a predefined limit h. If S t equals or exceeds h, the null hypothesis is rejected and performance is deemed inadequate; the CUSUM test is said to emit an alarm indicating that the process is out of control. As long as S t remains below h, the null hypothesis cannot be rejected and monitoring continues under the assumption that performance is adequate.
Performances of CUSUM tests are not expressed with Type I and Type II errors because, as a result of its design and given enough time, the CUSUM test will always reject the null hypothesis regardless the true performance of the process. Therefore, eventually, the probability to reject the null hypothesis of adequate performance when it is in fact true (Type I error) is 100% and the probability not to reject the null hypothesis when it is in fact false (Type II) is 0%. Therefore, performances of CUSUM tests are expressed with the true and false discovery rates (TDR and FDR, akin to the power and Type I error, respectively), namely the probability of an alarm to be emitted under the alternative and null hypotheses within a defined number of observations.
In the present case, based on reports from the literature [12, 13, 23] and on consensus among surgeons in the department, the adequate performance level was set at a 5% failure rate and the inadequate level of performance was set at a 15% failure rate. Based on computer simulations (10,000 simulations), a limit h = 4.45 was chosen to yield a FDR of no more than 5% over 150 procedures (estimated number of procedures performed over 1 year). The limit h is determined, based on computer simulations because there is no analytical solution, to yield certain level of risks (FDR and TDR) depending on the adequate and inadequate performance level chosen; it is akin to the critical values of traditional hypothesis testing such as 1.97 for the t test or 3.84 for the chi square test at 1 degree of freedom. The corresponding TDR was 97%. In practical terms it means that, over 150 procedures, there was a 97% chance that an alarm would be raised if the performance was 15% failure (true alarm) and there less than 5% chance that an alarm would be raised if the performance of the process was 5% (false alarm). Table A1 shows the results of the simulations performed. Figure A1 shows the CUSUM test applied for the fictive series of 120 biopsies at theoretical, ie, is randomly generated, 5%, 10%, 15%, and 20% failure rates. It can be seen that the CUSUM test indicates inadequate performance at the 10 th , 46 th , and 115 th procedures for the 20%, 15%, and 10%, respectively; no alarm is raised at the 5% performance level. CUSUM test for four series of 120 biopsies at performance levels of 5%, 10%, 15%, and 20%. The CUSUM test parameters are p0 = 5%, p1 = 15%, and = 4.46. It can be seen that the CUSUM test indicates inadequate performance at the 10 th , 46 th , and 115 th procedures for the 20%, 15%, and 10%, respectively; no alarm is raised at the 5% performance level. Pathology of lesions with indeterminate malignant potential: 2, cartilaginous tumors, tumors with necrotic debris, and atypical lymphoid reactions; 1 solitary fibrous tumor, one smooth muscle tumor, and one soft tissue giant cell-rich tumor.
